ABSTRACT: Luminescent lanthanide complexes have been overviewed for advanced photonics applications. Lanthanide(III) ions (Ln 3+ ) were encapsulated by the luminescent ligands such as metalloporphyrins, naphthalenes, anthracene, push-pull diketone derivatives and boron dipyrromethene(bodipy). The energy levels of the luminescent ligands were tailored to maintain the effective energy transfer process from luminescent ligands to Ln 3+ ions for getting a higher optical amplification gain. -[Gn-An]3(terpy)). These complexs showed much stronger near-IR emission bands at 1530 nm, originated from the 4f-4f electronic transition of the first excited state ( 4 I13/2) to the ground state ( 4 I15/2) of the partially filled 4f shell. A significant decrease in the fluorescence of metalloporphyrins, naphthalenes and anthracene ligand were accompanied by a strong increase in the near IR emission of the Ln 3+ ions. The near IR emission intensities of Ln 3+ ions in the lanthanide(III)-encapsulated dendrimer complexes were dramatically enhanced with increasing the generation number (n) of dendrons, due to the site-isolation and the light-harvesting(LH) effects. Furthermore, it was first attempted to distinguish between the site-isolation and the light-harvesting effects in the present complexes. In this review, synthesis and photophysical studies of inert and stable luminescent Ln 3+ complexes will be dealt for the advanced photonics applications. Also, the review will include the exploratory investigation of the key parameters for emission enhancement and the effective energy transfer pathways from luminescent ligands to Ln 3+ ions with Ln 3+ -chelated prototype complexes.
ABSTRACT: Luminescent lanthanide complexes have been overviewed for advanced photonics applications. Lanthanide(III) ions (Ln 3+ ) were encapsulated by the luminescent ligands such as metalloporphyrins, naphthalenes, anthracene, push-pull diketone derivatives and boron dipyrromethene(bodipy). The energy levels of the luminescent ligands were tailored to maintain the effective energy transfer process from luminescent ligands to Ln 3+ ions for getting a higher optical amplification gain. Also, key parameters for emission enhancement and efficient energy transfer pathways for the sensitization of Ln 3+ ions by luminescent ligands were investigated. Furthermore, to enhance the optophysical properties of novel luminescent Ln 3+ complexes, aryl ether-functionalized dendrons as photon antennas have been incorporated into luminescent Ln 3+ complexes, yielding novel Ln 3+ -cored dendrimer complex such as metalloporphyrins, naphthalenes, and anthracenes bearing the Fr chet aryl-ether dendrons, namely, (Er 3+ -[Gn-Pt-Por]3(terpy), Er 3+ -[GnNaph]3(terpy) and Er
3+
-[Gn-An]3(terpy)). These complexs showed much stronger near-IR emission bands at 1530 nm, originated from the 4f-4f electronic transition of the first excited state ( 4 I13/2) to the ground state ( 4 I15/2) of the partially filled 4f shell. A significant decrease in the fluorescence of metalloporphyrins, naphthalenes and anthracene ligand were accompanied by a strong increase in the near IR emission of the Ln 3+ ions. The near IR emission intensities of Ln 3+ ions in the lanthanide(III)-encapsulated dendrimer complexes were dramatically enhanced with increasing the generation number (n) of dendrons, due to the site-isolation and the light-harvesting(LH) effects. Furthermore, it was first attempted to distinguish between the site-isolation and the light-harvesting effects in the present complexes. In this review, synthesis and photophysical studies of inert and stable luminescent Ln 3+ complexes will be dealt for the advanced photonics applications. Also, the review will include the exploratory investigation of the key parameters for emission enhancement and the effective energy transfer pathways from luminescent ligands to Ln 3+ ions with Ln 3+ -chelated prototype complexes.
Advanced photonic devices based on semiconductors and inorganic materials have continuously been pursued for the realization of superhigh speed communication systems of large capacity optical communication, information storage, and processing. However, the currently existing limitations of these materials on the performance, extensive research on the development of new advanced materials is essential to overcome such limitations and to achieve photonic devices for the next generation superhigh speed communications. 1 With regard to this, the organic polymeric materials have been considered as such future photonic materials and their main advantages, compared with semiconductors and inorganic materials, are as follows: ease of property control and synthetic feasibility through molecular chemistry, fast response time and large broad bandwidth, low cost, good processibility, and simple device manufacturing process at low temperatures, and ease of integrated device fabrication. However, their thermal instability in the optical property and high optical transmission loss in the practical use at wavelength of 1.30 or 1.53 μ m are still limited in real device applications. High transmission loss has been attributed to the optical absorption by the inherent presence of C-H overtone band in organic polymers. To compensate for the above mentioned shortcomings, the development of integrated planar waveguide optical amplifiers utilizing the basic principle of optical amplification in optical fibers for telecommunication is extremely high in demand. In particular, integrated optical amplifier wavelength division multiplexing(WDM) devices are recognized to be essential for successfully realizing photonic devices in WDM technology, which has attracted much attention because of its paramount importance in superhigh speed communication systems. Despite such needs, the problem still remains in the materials for the use in the real optical amplifiers. substituents in L2, the two chromophores display very similar absorption and emission properties, the only difference being a drop in the quantum yield from 31% for L1 to 21% for L2. In addition, no triplet state emission could be evidenced for both chromophores as well as for their tris complexes with Gd 3+ ions. The experimental evidences reported here point to the bodipy framework being adequate for transferring energy onto NIR-emitting Ln 3+ ions, with excitation in the orange region of the visible spectrum; in addition the complexes have high molar absorption coefficients (log ε ≈ 5.0-5.2). While remaining modest, the amount of energy transferred from the ligands (20-40%) is sizeable; the weak metalcentered luminescence observed at room temperature is mainly due to deactivation through high-energy vibrations, which explains why Er 3+ complexes are less luminescent than their Yb 3+ counterparts, as observed for complexes with a 8-hydroxyquinoline-derivatized bodipy ligand.
Up to date, luminescent Ln 3+ complexes containing supramolecular ligands as antenna chromophores were not developed for the real use in various photonics applications, such as erbium-doped fiber amplifiers (EDFA), erbiumdoped waveguide amplifiers (EDWA) and light-emitting diodes. They are simply supramolecular complexes containing well-known antenna chromophores to photoexcite the Ln 3+ ions via the energy transfer process. The quantum yield of energy transfer and the luminescence efficiency were not satisfied yet. Also, such efforts are just in the early stage and not only the basic concept not established, but also the structure-property relationship is not yet clearly understood. Therefore, the dependence of Ln 3+ ion and ligand structure on amplification principles (such as the optical amplification lifetime, excited state dynamics, etc) need to be systematically established. Based on the relationship established, the design and synthesis of luminescent Ln 3+ complexes using molecular engineering approach need to be investigated.
In this review, Ln 3+ -cored complexes based on various organic ligands were overviewed for advanced photonics applications. Ln ions. These ions all have an incompletely filled f subshell in which the f-electrons are shielded by the outer 5s and 5p electrons, which are lower in energy, but spatially located outside the 4f orbitals. These electrons are slightly perturbed by the effects of lattice phonons and static strain fields in the coordination environment of ions, lead to the sharp spectral lines. Since the spin-orbit interaction is larger than the effect of the crystal field, the luminescence spectra consist of groups of lines which arise from crystal field splittings of J multiplets of the free ion in general. , L = ligand) are partly allowed by mixing with the odd-parity wave functions via the potential due to the crystal field. The absorption and emission crosssections are very small in solid phase and the corresponding fluorescence decay times are sufficiently long (as of the order of ms), compared with the rate at which it is populated in the excitation process. Also there is a Stark splitting between the degenerated 4f energy levels by the effect of electric field near Ln 3+ ions removing the degeneracy of the 4f level.
In analyzing the mechanisms of excited state relaxation of lanthanides in crystal hosts, two modes of relaxation are recognized: radiative and radiationless (or non-radiative) processes. Axe 43 represented the radiative processes in quantitative terms using the Judd-Ofelt theory. Radiationless relaxation was formulated in terms of multiphonon relaxation processes. 44, 45 Such processes become less probable as the energy gap between an excited state and the next lower energy state increases. Since excited state relaxation is generally achieved prior to transitions to several lower-lying states, a total radiative relaxation rate can be defined as a summation over all states lower in energy than the fluorescing state. Scheme 2 shows the principal fluorescence states of the Ln 3+ ions in crystal hosts. Fluorescence from many of these levels is observed only at low temperatures since rapid relaxation of an excited state by radiationless processes compete strongly with the radiative mode unless the energy gap to the next lower level is large. As the gap increases, the process rapidly decreases in probability such that radiative decay can efficiently compete with a relaxation mechanism. Usually both radiative and radiationless processes operate to relax an excited state. The total fluorescence lifetime of the state is a sum of the radiative rate and the rates of the various radiationless processes (see Scheme 2). ions, exhibit the emission band in the visible region. Their luminescent complexes have been considered the potential candidates for light-emitting diodes. Among them, erbium-based materials have attracted much attention because they have the authentic optical amplification (OA) property with the strong stimulated emission band. This specific property renders erbiumbased materials to use in several photonics applications, such as erbium-doped fiber amplifiers (EDFA), erbium-doped waveguide amplifiers (EDWA) and light-emitting diodes. The basic optical amplification principle of Er 
Several lanthanide ions

Complexes
To date, it is well-believed that only energy transfer from the triplet state of luminescent ligands to Ln 3+ ion is the most dominant mechanism. 46 Therefore, most researches toward lanthanide ion sensitizers have been focused on developing the luminescent ligands with a triplet state matching the receiving lanthanide ion energy levels. Interestingly, however, several reports mentioned the energy transfer from the excited singlet state to Ln 3+ ion. 47 We also reported all possible ET pathways using Pt-porphyrin (ETt) 35, 37 and anthracene ligand (ETs) 48 , and additionally, demonstrated the unusual ET pathway through the intramolecular charge transfer (ICT) state of the naphthalene ligand to Ln 3+ ion (ETc) for the first time. 49 To investigate all three possible ET pathways and compare 50 have been rationally designed and synthesized the structurally and UV-absorbingly similarligands and their stable 9-coordinated Ln 3+ -complexes. 51 The energy transfer of the Er Very recently, to enhance the luminescence properties of Ln 3+ complexes, lanthanide complexes with two push-pull diketone derivatives as sensitizers have been developed for near-infrared emitting materials52(see Figure 3-(a) ).
The ligand substituents consist of a carbazole moiety with hole-transport properties and an aromatic or heteroaromatic unit. According to quantitative NMR analysis and complementary HPLC experiments, the diketones essentially appear under the thermodynamically stable enol form in solution displaying extended resonance electronic structure: the cis-enol tautomer amounts to 95-98% of the speciation in THF at room temperature. These ligands possess an intra charge-transfer(ICT) electronic state, the energy of which is sensitive to the polarity of the solvent and which allows convenient sensitization of the luminescence of NIR emitting ions such as Nd Figure 3-(b) ). It was also confirmed that the rate constant from singlet excited state to ICT state (kICT)is larger than the rate constant of intersystem-crossing process(kISC). As a result, the new design criteria of lanthanide materials has been established to improve the luminescence intensity of Ln 3+ ion by the ICT process, 35, 36, 48, 49 as compared with the existing theory of ET process via the triplet state to Ln 3+ ion(see Figure 3-(c)) . Surprisingly, the ISC process caused by the heavy Ln 3+ ion effect in Ln 3+ complexes is not dominant process over the ICT or the radiative relaxation process and the ET process via the triplet state to Ln 3+ ion is not strongly dominated on Ln 3+ emission, compared with other ET pathways via singlet or charge transfer state. As concluded, no matter which ET pathway takes place, the key factor for strong lanthanide emission is the ET efficiency between the organic ligand and Ln 3+ ion, associated with the quantum yield of a ligand and a proper J value. This study can provide the criteria for designing the ligand to achieve efficient Ln -dendrimer complexes are dramatically enhanced on increasing the generation number (n) of Fr chet aryl-ether dendrons, owing to siteisolation and light-harvesting effects 48 (see Figure 4) .
Furthermore, a first attempt was made to distinguish between the site-isolation and light-harvesting effects in the present complexes. Photophysical studies indicated the sensitization of Ln 3+ luminescence by energy transfer through the excited singlet state of the anthracene ligands, and the energy-transfer efficiency between the dendritic anthracene ligands and the Ln 3+ ion was evaluated to be in the range of 90 to 97 %. As a result, we observed that the NIR emission intensity of the lanthanide complexes was dramatically enhanced with increasing the generation number (n) of the Fr chet aryl-ether dendrons, due to the site-isolation and light-harvesting effects.
It was also demonstrated that a series of stable and inert Er 
Summary and Outlook
New synthetic methodology of the saturated and unsaturated Er 3+ -chelated prototype complexes based on metalloporphyrins, naphthalenes, anthracenes, push-pull diketone derivatives and bodipy ligands were successfully developed through the ligand-exchange reaction. complexes is not dominant process over the ICT or the radiative relaxation process. Therefore, to enhance of the near-IR emission in luminescent lanthanide complexes, no matter which ET pathway takes place, the key parameters for NIR emission enhancement are the ET efficiency between the organic ligand and Ln 3+ ion, associated with the quantum yield of a ligand and a proper J value. To determine the structure-property relationships, ultrahighly efficient light-harvesting supramolecular structures will be optimized and their application as the future optical amplification devices will be examined. Utilizing the developed materials, photonics community can have the leverage to lead the world in tomorrow' s communication technology and the technological impact will be similar to the integrated circuit development in semiconductor industries. This will not only be considered to be the material revolution in the heart of exploratory materials in optical information and communication, but also will open up many new areas of applications of polymeric materials for use in ultrahigh speed communication and information systems for the future generation. 
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